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Available online 27 December 2013Abstract Store-operated Ca2+ entry (SOCE) is an important Ca2+ influx pathway in non-excitable cells. STIM1, an ER Ca2+
sensor, and Orai1, a plasma membrane Ca2+ selective channel, are the two essential components of the Ca2+ release activated
channel (CRAC) responsible for SOCE activity. Here we explored the role of STIM1 and Orai1 in neural differentiation of mouse
embryonic stem (ES) cells. We found that STIM1 and Orai1 were expressed and functionally active in ES cells, and expressions of
STIM1 and Orai1 were dynamically regulated during neural differentiation of mouse ES cells. STIM1 knockdown inhibited the
differentiation of mouse ES cells into neural progenitors, neurons, and astrocytes. In addition, STIM1 knockdown caused severe
cell death and markedly suppressed the proliferation of neural progenitors. Surprisingly, Orai1 knockdown had little effect on
neural differentiation of mouse ES cells, but the neurons derived from Orai1 knockdown ES cells, like those from STIM1
knockdown cells, had defective SOCE. Taken together, our data indicate that STIM1 is involved in both early neural
differentiation of ES cells and survival of early differentiated ES cells independent of Orai1-mediated SOCE.
© 2013 The Authors. Published by Elsevier B.V. All rights reserved.Abbreviations: DIC, Differential interference contrast; EB,
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channel.
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The mechanism of neurogenesis is one of the most daunting
questions in biology, largely due to the complexity of the
processes (Gaspard and Vanderhaeghen, 2010). Because of
their unique self-renewal and pluripotent properties, embry-
onic stem (ES) cells have recently become a promising
resource that complements in vivo approaches for the study
of neural differentiation. ES cells can be expanded in culture
indefinitely while retaining the capacity to produce seemingly
every type of fetal and adult cell (Evans and Kaufman, 1981).
This property also endows ES cells to be promising candidates
in regenerative medicine (Abdelwahid et al., 2011; Kim et al.,
2002; Chhabra and Brayman, 2013; Lippmann et al., 2012). Forer B.V. All rights reserved.
453Stim1 in survival and neural differentiation of mouse ES cellsexample, functional neurons differentiated from ES cells have
been used to treat various neurodegenerative diseases, e.g.
Parkinson's disease (Tian et al., 2012; Lindvall, 2012; Cajanek
et al., 2009; Kriks et al., 2011). Yet, target neural differen-
tiation of ES cells is still a challenge. Originally, only a small
portion of neural population was generated from embryoid
body (EB) formation or a suspension culture of single ES cell
(Tropepe et al., 2001; Wiles and Johansson, 1999). Later, a
higher efficiency of neural differentiation from ES cells
was achieved by treatment of EB with retinoic acid (RA) or
co-culture with PA6 stromal cells (Bain et al., 1995; Kawasaki
et al., 2000). However, EB derived neurons were highly
heterogeneous and were always contaminated with other cell
types. In addition, the enhanced effects of RA and PA6 stromal
cells on ES differentiation were not specific and mechanisti-
cally undefined. More recently, a monolayer adherent culture
of mouse ES cells was utilized tomore efficiently differentiate
ES cells into neural lineage in a defined medium (Ying and
Smith, 2003; Ying et al., 2003). Yet, still ~40% of cells couldn't
enter a neural fate by this simple method. Thus, to achieve a
high efficiency of directed neural differentiation of ES cells
that are suitable for cell replacement therapy, it is important
to identify novel signaling molecules or events that could play
a role in the commitment of the neural lineages.We have been
studying the role of Ca2+ signaling in the context of neural
differentiation of ES cells.
Ca2+ signaling plays essential roles in a wide variety of
cellular processes, from gene transcription to cell proliferation
and differentiation (Berridge et al., 2003; Clapham, 2007). Ca2+
mobilization is coordinated by different Ca2+ channels and
pumps that span the plasma membrane or the organelle
membrane. Store-operated Ca2+ entry (SOCE) is an important
Ca2+ influx pathway, especially in non-excitable cells, such as T
lymphocytes (Parekh and Putney, 2005). STIM1 and Orai1 are
the two essential components of SOCE, serving as ER Ca2+ sensor
and pore forming subunit, respectively (Zhang et al., 2005; Vig
et al., 2006a). Generally, Ca2+ release from the ER empties the
ER Ca2+ pool and initiates Ca2+ dissociation from the EF hand
domain of STIM1. Subsequently, oligomerization of STIM1
occurs, followed by STIM1 translocation to the ER-PM junction,
where it interactswith and activates Orai1 to trigger Ca2+ influx.
This phenomenon is also termed as Ca2+ release activated Ca2+
entry (Wang et al., 2010a). In addition, STIM1 can sense various
cellular stresses, such as hypoxia, acidification, and tempera-
ture, to modulate the activity of SOCE (Hawkins et al., 2010;
Mancarella et al., 2011; Xiao et al., 2011; S. Li et al., 2012).
Other than activating the Orai1 channel, STIM1 was found to
regulate transient receptor potential channels (TRPCs) and
voltage gated Ca2+ channels (VGCCs) by direct interaction with
these channel proteins (Kimet al., 2009; Park et al., 2010;Wang
et al., 2010b). Unlike other channels, Orai1 is characterized by
its high selectivity to Ca2+ (Vig et al., 2006b).
STIM1 and Orai1 mediated SOCE has been implicated in a
wide range of cellular functions. The loss of functional STIM1
and Orai1 leads to autoimmunity and immunodeficiency in
human patients (Feske et al., 2006; Picard et al., 2009).
Likewise, STIM1 and Orai1 knockout mice show defective
immune response (Oh-Hora et al., 2008; Gwack et al., 2008).
In addition, STIM1 and Orai1 signaling is required for
the contractility of skeletal muscle (Stiber et al., 2008),
development of pathological cardiac hypertrophy (Hulot et
al., 2011), growth of vascular smooth muscle (Zhang et al.,2011), tumor development (Feng et al., 2010), and thrombin
stimulation of platelets (Braun et al., 2009).
Since their discovery, STIM1 and Orai1 mediated SOCE in
various types of neurons and astrocytes has been document-
ed (Li et al., 2009; Gruszczynska-Biegala et al., 2011; Koss et
al., 2013; Moreno et al., 2012). Moreover, SOCE has been
shown to play roles in a variety of neuronal activity, e.g.
controlling Drosophila flight (Venkiteswaran and Hasan,
2009), turning of growth cones in response to extracellular
stimuli (Mitchell et al., 2012), regulating neuronal excitabil-
ity (Gemes et al., 2011), and modulating neuronal network
activity (Steinbeck et al., 2011). Yet, the role of SOCE in
early neural development remains to be determined. Here
we examined the roles of STIM1 and Orai1 during neural
differentiation of mouse ES cells and found that STIM1, not
Orail1, is involved in early neural differentiation of ES cells
and survival of differentiated ES cells.
Results
Characterization of SOCE in mouse ES cells
To examine the presence of functional SOCE in mouse ES cells,
Fura-2 loaded ES cells were first treated with thapsigargin (TG),
a specific SERCA inhibitor, to deplete the ER Ca2+ pools in the
absence of extracellular Ca2+. After cytosolic Ca2+ returned to
basal levels, extra Ca2+ was added to the medium to trigger
Ca2+ influx, and this Ca2+ influx was markedly inhibited by the
Orai1 channel blockers, Gd3+ or 2-APB (Figs. 1A and B). These
data indicate that SOCE occurs normally in mouse ES cells.
Upon the withdrawal of self-renewal stimuli, mouse ES cells
spontaneously differentiate into neural progenitors in adherent
monoculture (Ying and Smith, 2003; Ying et al., 2003). We,
thus, examined the expression pattern of STIM1 and Orai1
during this process by quantitative RT-PCR. As shown in Figs. 1C
and D, the mRNA expressions of STIM1 (Fig. 1C) and Orai1
(Fig. 1D) were initially markedly increased after 3 days of
neural differentiation, yet by day 6, their expression all went
down, thereafter their levels gradually rebounded during
the late stages of neuronal genesis of ES cells. Interestingly,
the mRNA expressions of STIM1 and Orai1 were also markedly
increased in heterogeneously differentiated EBs, generated by
aggregating ES cells in suspension (Figs. S1A and S1B). Notably,
expression of Orai1 was initially decreased (day 3) but was later
significantly increased (day 8) during EB formation (Fig. S1B).
These data suggest that STIM1 or Orail might play a role in
general, including neural, differentiation of mouse ES cells.
STIM1 and Orai1 knockdown in mouse ES cells
Subsequently, we knocked down the expression of STIM1 or
Orai1 in three mouse ES cell lines, including D3, R1, and 46C
Sox1-GFP, by infecting cells with lentiviruses carrying
expression cassettes that encode short hairpin RNAs
(shRNA) against mouse STIM1 or Orai1, respectively (Table
S1 and Fig. S2). STIM1 or Orai1 were efficiently knocked
down by two distinct shRNAs (Figs. 2A, B, and S2). Not
surprisingly, the activity of SOCE was markedly suppressed in
STIM1 or Orai1 knockdown cells compared to that in control
cells, whereas STIM1 or Orai1 knockdown had no effects on
ER Ca2+ levels, as indicated by the similar TG-induced Ca2+
Figure 1 Characterization of SOCE inmouse ES cells. (A) Thapsigargin (1 μM) induced-Ca2+ influxwas inhibited byGd3+ or 2-APB treatment
in Fura-2 loaded mouse ES cells. (B) Quantifications of the peak of Ca2+ influx in (A) were expressed as mean ± S.E., n = 30–50 cells,
*p b 0.05. (C) and (D) expression of STIM1 (C) and Orai1 (D) in the neural differentiation of D3 ES cells was determined by quantitative
real-time RT-PCR.
454 B. Hao et al.changes in these cells (Fig. 2C). Compared to scramble
shRNA infected cells, STIM1 knockdown or Orai1 knockdown
ES cells exhibited no difference in alkaline phosphatase
activity (Fig. 3A) and the expression of Oct4 (Fig. 3B) and
Nanog (Fig. 3C) either in the presence or absence of LIF. In
addition, STIM1 knockdown or Orai1 knockdown ES cells
proliferated normally, compared to the control cells, in the
presence or absence of LIF (Figs. 3D and E), and their cell
cycle profiles were similar to that of control cells as well
(Fig. 3F). These data suggest that neither STIM1 nor Orai1
plays an important role in the self-renewal of mouse ES cells.Involvement of STIM1 in early neural differentiation
of mouse ES cells
We next explored the effect of STIM1 knockdown on early
neural differentiation of mouse ES cells. STIM1 knockdown and
scramble shRNA expressing Sox1-GFP ES cell lines, in which GFP
is targeted into the sox1 locus (Ying and Smith, 2003; Ying et al.,
2003), were induced to differentiate into neural lineages
following themonolayer culture protocol. After 4 days of neural
differentiation, we found that fewer STIM1 knockdown cells
became Sox1-GFP positive compared to control cells (Fig. 4A).
FACS analyses were then performed to quantitate Sox1-GFP
positive cells and confirmed that fewer Sox1-GFP positive
neural progenitors appeared in STIM1 knockdown cells thancontrol cells during early neural differentiation, particularly on
day 4 (Fig. 4B). Western blot analysis also showed that the
expression of Sox1wasmarkedly decreased in STIM1 knockdown
cells than control cells (Fig. 4C). Similarly, STIM1 knockdown
inhibited the expression of Nestin, another neural progenitor
marker, during neural differentiation ofmouse ES cells (Fig. S3).
These data indicate that STIM1 is involved in the early neural
differentiation of mouse ES cells.STIM1 knockdown caused severe cell death during
early neural differentiation of mouse ES cells
During neural differentiation of mouse ES cells initiated by
monolayer culture in a defined medium without serum,
differentiated cells undergo dramatic cell death (20%–30%)
about 4–5 days after differentiation and a majority of the
surviving cells adopt a neural fate (Ying and Smith, 2003;
Ying et al., 2003). Strikingly, few of the STIM1 knockdown
cells survived after day 4 of differentiation compared to
control cells (Fig. 5A). We then performed the cell cycle
analysis of the propidium iodide (PI) stained cells to assess
apoptotic cells in differentiated cells (Riccardi and Nicoletti,
2006). As shown in Fig. 5B, more apoptotic cells existed in
STIM1 knockdown cells than control cells, as indicated by the
broad hypodiploid (sub-G1) peak. In addition, more STIM1
knockdown cells were in G0/G1, and fewer of them were in
Figure 2 STIM1 and Orai1 knockdown in mouse ES cells. (A) STIM1 knockdown by two distinctive shRNAs in ES cells was verified by
western blot analysis. (B) Orai1 knockdown by two distinctive shRNAs in ES cells was verified by qRT-PCR analysis. (C) STIM1 and Orai1
knockdown compromised thapsigargin-triggered SOCE in ES cells. Quantifications of the peak of Ca2+ influx were expressed as
mean ± S.E., n = 30–50 cells, *p b 0.05.
455Stim1 in survival and neural differentiation of mouse ES cellsthe S phase, compared to control cells (Fig. 5B), suggesting
that STIM1 knockdown also inhibits proliferation of differ-
entiated cells. A TUNEL assay further showed that more
STIM1 knockdown cells underwent programmed cell death
during differentiation (Fig. 5C). Interestingly, we also found
that the STIM1 protein level was highest on day 4 after
neural differentiation (Fig. 5D), which is consistent with its
mRNA expression pattern shown by qRT-PCR (Fig. 1C),
hinting that high expression level of STIM1 on day 4 after
neural differentiation might be essential for cell survival.
Since non-neural cells could not survive in the conditioned
medium without FBS in the said monolayer adherent culture
(Ying and Smith, 2003; Ying et al., 2003), it is possible that
several cell death found in STIM1 knockdown cells is because
of fewer neural cells differentiated from STIM1 knockdown
ES cells. Nevertheless, these data suggest that STIM1 is
involved in the survival of differentiated ES cells. Whether
STIM1-mediated SOCE is involved in this process and whether
STIM1 knockdown regulates the viability of neural progeni-
tors remain to be determined.
Involvement of STIM1 in the late differentiation of
mouse ES cells into neurons and astrocytes
Terminal differentiation of ES cell derived neural progenitors
into neurons or astrocytes can be promoted by replating the
neural progenitor cells onto poly-L-lysine-laminin coated platesafter 6 days of monolayer culture (Ying and Smith, 2003; Ying et
al., 2003). Consistently, STIM1 knockdown markedly inhibited
expression of Tuj1, a neuronal marker, during the late stage of
neural differentiation of ES cells (Fig. 6A). Likewise, immuno-
staining analyses found that fewer Tuj1 positive cells appeared
in late STIM1 knockdown differentiated cells compared to
control cells (Figs. 6B and C). In addition, western blot analysis
showed the STIM1 knockdown markedly suppressed the expres-
sion of GFAP, an astrocyte marker, during the late neural
differentiation of ES cells (Fig. 6D). Interestingly, the cell
viability of the terminally differentiated neural cells was not
affected by STIM1 knockdown (Fig. S4). Taken together, these
data suggest that STIM1 is involved in the terminal differenti-
ation of mouse ES cells into neurons and astrocytes. Yet, it
remains possible that the decreased Tuj1 and GFAP in late
neuronal differentiation of STIM1 knockdown cells is due to less
Sox1 positive cells to begin with.
Orai1 knockdown failed to affect the neural
differentiation of mouse ES cells
Likewise, Orai1 knockdown Sox1-GFP ES cells were induced
to differentiate into neural lineages following the monolayer
culture protocol. Unexpectedly, FACS analysis showed that a
similar portion of Sox1-GFP positive cells existed in Orai1
knockdown or control differentiated cells (Figs. 7A and B).
Similarly, Orai1 knockdown did not affect the expression of
Figure 3 STIM1 or Orai1 knockdown did not affect the self-renewal and pluripotency of mouse ES cells. (A) Alkaline phosphatase
(AP) staining of control, STIM1 knockdown, and Orai1 knockdown ES cells (Scale bar = 50 μm). (B) and (C) expression of Oct4 (B) and
Nanog (C) in control, STIM1 knockdown, and Orai1 knockdown ES cells in the presence or absence of LIF were determined by western
blot analyses. (D) and (E) MTT assay of control, STIM1 knockdown, and Orai1 knockdown ES cells in the presence (D) or absence (E) of
LIF. (F) FACS analyses of DNA contents (PI staining) in control, STIM1 knockdown, and Orai1 knockdown ES cells. Quantifications of the
percentage of cells in each phase were expressed as mean ± S.E., n = 3.
456 B. Hao et al.two neural progenitor markers, including Sox1 and Nestin, as
assessed by western blot and qRT PCR analyses (Figs. 7C, D,
and F). In addition, Orai1 knockdown had no effects on the
expression of Tuj1 and GFAP during the late neural
differentiation of ES cells (Figs. 7E–G). In summary, these
data indicate that Orai1, in contrast to STIM1, is not involved
in neural differentiation of mouse ES cells.Ca2+ handling in STIM1 knockdown or Orai1
knockdown ES cell derived neurons
It is possible that the Ca2+ handling in STIM1 knockdown cells
differs from that of Orai1 knockdown cells, thereby resulting in
different neural differentiation phenotypes in respective
knockdown ES cells. We thus first assessed the SOCE in both
wildtype and STIM1 knockdown ES cell derived neurons. As
shown in Fig. 8A, SOCE was functionally active in wildtype ES
cell derived neurons, but STIM1 knockdown indeed compro-
mised the SOCE in neurons, which was similar to that in STIM1knockdown ES cells (Fig. 2C). Since it has been shown previously
that STIM1 activation by ER Ca2+ store depletion strongly
suppresses the activity of voltage-operated calcium channels
(VGCCs) (Wang et al., 2010b), we also checked whether the
activity of VGCCs is affected by STIM1 knockdown. In excitable
cells, KCl can be applied to depolarize membrane potential,
thereby activating VGCCs. As shown in Fig. 8B, KCl indeed
triggered voltage gated Ca2+ entry in neurons derived from
wildtype ES cells, and this was markedly increased in neurons
differentiated from STIM1 knockdown ES cells. Similar data
were also observed in STIM1 knockdown undifferentiated ES
cells (Fig. S5). These data suggest that STIM1 knockdown
compromises SOCE but enhances Ca2+ entry via VGCCs in ES cell
derived neurons.
We next examined whether SOCE is also compromised in
Orai1 knockdown ES cell derived neurons. As expected,
Orai1 knockdown also inhibited SOCE in ES cell-derived
neurons (Fig. 8C). Yet, KCl triggered similar levels of
cytosolic Ca2+ increase in both control and Orai1 knockdown
ES cell derived neurons (Fig. 8D), suggesting that Orai1 is not
Figure 4 STIM1 knockdown inhibited neural lineage entry of 46C Sox1-GFP mouse ES cells. (A) GFP cell imaging and bright field of
the Sox1-GFP positive cells in both control and STIM1 knockdown ES cells on day 4 after neural differentiation (Scale bar = 50 μm).
(B) Quantification of FACS analyses of Sox1-GFP positive neural progenitors in viable control and STIM1 knockdown ES cells harvested
at the indicated time point during neural differentiation. Data are expressed as mean ± S.E., n = 3, *p b 0.05. (C) Cell lysates were
harvested at indicated time points during neural differentiation in both control and STIM1 knockdown cells, and analyzed for
expression of Sox1 by western blot analyses.
457Stim1 in survival and neural differentiation of mouse ES cellsinvolved in VGCCs regulation as reported previously (Park et
al., 2010; Wang et al., 2010b). Taken together, these data
suggest that STIM1 is involved in neural differentiation of ES
cells independent of Orai1-mediated SOCE.Discussion
Here we studied the role of two essential components of
SOCE, STIM1 and Orai1, in the process of neural differenti-
ation of mouse ES cells. We found that STIM1 knockdown,
not Orai1 knockdown, markedly inhibited the early and
late neural differentiation of mouse ES cells (Figs. 4–7).
Interestingly, Ca2+ entry through VGCCs in neurons derived
from STIM1 knockdown, not Orai1 knockdown, ES cells was
enhanced. On the other hand, SOCE in both STIM1 knock-
down and Orai1 knockdown neurons was compromised
(Fig. 8). Moreover, STIM1 knockdown, not Orai1 knockdown,
induced severe cell loss and suppressed the proliferation of
neural progenitors derived from mouse ES cells (Fig. 5). Yet,
STIM1 knockdown or Orai1 knockdown had no effect on the
proliferation and survival of undifferentiated ES cells
(Fig. 3). These results indicate that STIM1 is involved inboth early neural differentiation of ES cells and survival of
differentiated ES cells independent of Orai1-mediated SOCE.
Oct4 and Nanog are essential transcription factors that
maintain the self-renewal and pluripotency of ES cells (Loh
et al., 2006; Nichols et al., 1998; Chambers et al., 2003).
Here we found that expressions of Oct4 and Nanog in STIM1
knockdown or Orai1 knockdown cells were similar to those
in control cells (Figs. 3B and C). The activity of alkaline
phosphatase, another indicator for pluripotency, also wasn't
affected by STIM1 or Orai1 knockdown (Fig. 3A). In addition,
STIM1 knockdown or Orai1 knockdown had little effect on
cell proliferation and cell cycle profile of ES cells (Figs. 3D–
F). These data indicate that STIM1 and Orai1 mediated SOCE
signaling pathway is not required for the stemness of mouse
ES cells. Along this line, it has been previously shown that
the manipulation of other Ca2+ signaling pathways, including
IP3/IP3R, cADPR/CD38 and NAADP/TPC2 Ca2+ signaling
pathways, also exhibited no effect on the self-renewal and
pluripotency of mouse ES cells (Wei et al., 2012; Zhang et
al., 2013; Liang et al., 2010). Notably, Ying et al. found that
the self-renewal of ES cells can be maintained at the ground
state by inhibiting MAPK and GSK3 signaling pathways in the
absence of the extracellular stimuli (Ying et al., 2008). Thus,
Figure 5 STIM1 knockdown markedly induced cell death during neural differentiation of mouse ES cells. (A) Live cell number
counting of control and STIM1 knockdown 46C Sox1-GFP cells at indicated time points during neural differentiation. Data are
expressed as mean ± S.E., n = 5. (B) FACS analyses of DNA contents (PI staining) in control and STIM1 knockdown 46C Sox1-GFP cells
on day 4 after neural differentiation. Quantifications of the percentage of cells in each phase were expressed as mean ± S.E., n = 3.
(C) TUNEL assays were performed in control and STIM1 knockdown D3 cells at indicated time point during neural differentiation (Scale
bar = 50 μm). Data quantification was presented as TUNEL positive cells/DAPI-stained cells ± S.E., n = 5 (40–50 cells per
experiment). The * symbols indicate the results of t-test analysis, *p b 0.05. (D) Cell lysates were harvested at indicated time
points during neural differentiation in both control and STIM1 knockdown 46C Sox1-GFP cells, and analyzed for expression of STIM1 by
western blot analyses.
458 B. Hao et al.ES cells might possess an innate program for the self-renewal
without differentiation and are immune to the various
extrinsic inputs.
The expressions of STIM1 and Orai1 were markedly
increased during neural differentiation of mouse ES cells
(Figs. 1C and D). In particular, the expression of STIM1 was
peaked on day 4 after neural differentiation (Fig. 5D),
suggesting that STIM1 may play an important role in the early
stage of neural lineage entry. During the differentiation
initiated by EB formation, expression of STIM1 or Orai1 was
also markedly increased (Fig. S1). In addition, STIM1
expression showed a similar pattern during in vivo embryo
development (Buchstaller et al., 2004). The increased
expression of STIM1 and Orai1 during early developmentsuggests that SOCE mediated by STIM1 and Orail1 is involved
in multiple developmental processes, e.g. neurogenesis.
Indeed, we found STIM1 knockdown markedly inhibited
both early and late neural differentiation of mouse ES cells.
Sox1 is the specific marker of neuroectoderm, which was
firstly detected in the neural plate of the embryo and was
down-regulated during late neuronal and glial differentia-
tion (Ying et al., 2003). By western blot and FACS analyses,
we found that STIM1 knockdown decreased the expression of
Sox1 during neural differentiation of ES cells (Fig. 4). In
addition, the expressions of Tuj1 and GFAP, the marker for
neurons and astrocytes, respectively, were decreased in the
late neural differentiation of STIM1 knockdown ES cells
compared to those in control cells (Fig. 6). These data
Figure 6 STIM1 knockdown inhibited terminal neural differentiation of 46C Sox1-GFP mouse ES cells. (A) Cell lysates were harvested at
indicated time points during neural differentiation in both control and STIM1 knockdown cells, and analyzed for expression of Tuj1 bywestern
blot analyses. (B) Immunofluorescent analysis of Tuj1 expression (Tuj1, Green; DAPI, blue) in control and STIM1 knockdown ES cells harvested
at indicated time points during differentiation (Scale bar = 50 μm). (C) Data quantification of (B) was presented as Tuj1-positive
cells/DAPI-stained cells ± S.E., n = 5 (40–50 cells per experiment), *p b 0.05. (D) Cell lysates were harvested at indicated time points during
neural differentiation in both control and STIM1 knockdown cells, and analyzed for expression of GFAP by western blot analyses. R3 and R6
refer to day 3 and day 6, respectively, after replating differentiated cells to poly-L-lysine and laminin coated plates.
459Stim1 in survival and neural differentiation of mouse ES cellssuggest that STIM1 is involved in both the early and late
neural differentiation of mouse ES cells. Similarly, we also
found that STIM2 knockdown markedly inhibited neural
differentiation of mouse ES cells (Fig. S6). Moreover, STIM1
knockdown did not affect the expression of STIM2, and vice
versa, suggesting that STIM1 and STIM2 are not functionally
redundant (data not shown). Surprisingly, we found thatOrai1 knockdown had little effect on neural differentiation
(Fig. 7), yet STIM1 knockdown, STIM2 knockdown, and Orai1
knockdown all compromised SOCE in ES cell derived neurons
(Figs. 8A, C, and S6B). Taken together, these data suggest
that the inhibition of neural differentiation of mouse ES
cells by STIM1 or STIM2 knockdown is independent of
Orai1-mediated SOCE.
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processes independently of Orai1-mediated Ca2+ entry
(Shinde et al., 2013). For example, two research groups
have reported that STIM1 directly binds to VGCCs to inhibit
their activity (Park et al., 2010; Wang et al., 2010b). The
orchestration of these two Ca2+ signaling pathways by STIM1may imply an important role in cellular activities of neurons.
Here we found that STIM1 knockdown, not Orai1 knockdown,
indeed enhanced the activity of VGCCs in ES cell derived
neurons (Figs. 8B and D). Moreover, treatment of cells with
nifedipine, a VGCC antagonist, facilitated the neural
differentiation of both wildtype and STIM1 knockdown
461Stim1 in survival and neural differentiation of mouse ES cellsES cells (Fig. S7). On the other hand, similar to STIM1
knockdown, treatment of cells with BayK 8644, a VGCC
agonist, markedly decreased cell viability, and hardly any
cells actually survived the late stage of neural differentia-
tion (data not shown). These data suggest that STIM1 is
required for neural differentiation of ES cells by suppressing
VGCC activity. Interestingly, D'Ascenzo et al. found the
opposite results when using nifedipine or BayK 8644 on
mouse neural stem/progenitor cells (D'Ascenzo et al., 2006).
Because it is well established that Ca2+ signaling temporally
and spatially regulates early development, including
neurogenesis, it is possible that VGCC plays differential
roles in regulating early (from ES cells to neural progenitors)
and late (from neural progenitors to terminal differentiated
neurons) neural differentiation. Future studies will be
performed to examine the interplay between STIM1 and
VGCCs in the regulation of neural differentiation of mouse ES
cells and whether VGCCs differentially regulate early and
late neural differentiation.
Beside VGCCs, several studies showed that STIM1 directly
binds and activates TRPCs for Ca2+ entry independent of
Orai1 (Kim et al., 2009; Huang et al., 2006). Moreover, the
TRPC1/STIM1/Ca2+ signaling pathway has been shown to
play a role in neural development and neural related
functions, including the proliferation of adult hippocampal
neurogenesis, cell cycle distribution and fate determination
of human neural progenitor cells (Morgan et al., 2013), and
neurotransmitter regulation of salivary fluid secretion (Pani
et al., 2013). Most recently, a TRPC1-mediated increase in
store-operated Ca2+ entry was found to be required for the
proliferation of adult hippocampal neural progenitor cells
(M. Li et al., 2012). Whether the role of STIM1 in neural
differentiation of ES cells is also related to TRPCs is of
interest and needs to be determined.Materials and methods
Cell culture
ES cell line 46C with GFP reporter knocked in sox1 locus was a
kind gift from Prof. Austin Smith, University of Cambridge (Ying
et al., 2003). Undifferentiated ES cells were maintained in
Dulbecco's Modified Eagle Medium (DMEM) with 15% ES qualified
fetal bovine serum (FBS), 1% L-Glutamine, 1% penicllin–
streptomcyin (P/S), 1% nonessential amino acids, 0.2%Figure 7 Orai1 knockdown had on effects on neural differentiat
bright field of the Sox1-GFP positive cells in both control and Orai1
bar = 50 μm). (B) Quantification of FACS analyses of Sox1-GFP posit
harvested at the indicated time point during neural differentiation.
harvested at indicated time points during neural differentiation
expression of Nestin by western blot analyses. (D) RNA was harvest
scramble shRNA infected and Orai1 knockdown ES cells and analyz
(E) Immunofluorescent analysis of Tuj1 expression (Tuj1, Green; DA
indicated time points during differentiation (Scale bar = 50
cells/DAPI-stained cells ± S.E., n = 5 (40–50 cells per experiment).
neural differentiation in both control and Orai1 knockdown cells,
analyses. (G) Cell lysates were harvested at indicated time points du
cells, and analyzed for expression of GFAP by western blot analyses.
differentiated cells to poly-L-lysine and laminin coated plates.2-mercaptoethanol, and 1000 units/ml leukemia inhibitory
factor (LIF, Milipore) on 0.1% gelatin (Sigma-Aldrich) coated
plates with feeder layer of mitotically inactivated mouse
embryonic fibroblasts (mEFS). The cells were passaged every 2
days. Prior to any experimental procedure, ES cells were
separated from feeder cells and cultured in standard ESmedium
on gelatin coated plates for 2 passages.
Neural differentiation
Undifferentiated feeder free ES cells were plated onto gelatin
coated plates at a density of 0.8–1.3 × 104 cells/cm2 in N2B27
medium (1:1 mixture of DMEM/F12 supplemented with
N2 and 50 μg/ml bovine serum albumin (BSA) fraction V
(Sigma-Aldrich) and neurobasal medium supplemented with
B27 and 20 μM 2-mercaptoethanol). The mediumwas changed
every 2 days until day 6. Neural entry normally starts after 3 or
4 days culture in N2B27 medium, which is termed as early
neural differentiation. By day 6 after differentiation, majority
of cells are neural progenitors. Thus, on day 6, cells were
trypsinized and replated onto poly-L-lysine (25 μg/ml,
Sigma-Aldrich) and laminin (10 μg/ml) coated plates at a
density of 1.0–1.3 × 104 cells/cm2 in N2B27 medium for late
or terminal neuronal differentiation. The medium was
changed every 3 or 4 days until 9 days after replating (Zhang
et al., 2013).
EB formation
Undifferentiated ES cells were cultivated in a differentiation
medium (standard ES medium without LIF) in hanging drops
(800 cells/drop) for 2 days to form EBs, then kept in
suspension culture for 3 days. Subsequently, EBs were plated
onto gelatin coated plates for further differentiation. The
medium was changed every 2 days. All cultivation medium
and other substances were from Invitrogen–Gibco unless
otherwise indicated.
STIM1 and Orai1 shRNA lentivirus production and
infection
To construct STIM1 and Orai1 shRNA vectors, 2 pairs of
independent oligo primers (Table S1) targeting STIM1 or
Orai1, respectively, were subcloned into PLKO.1 vector
(Addgene). Scramble shRNA vector was applied as control.ion of 46C Sox1-GFP mouse ES cells. (A) GFP cell imaging and
knockdown ES cells on day 4 after neural differentiation (Scale
ive neural progenitors in control and Orai1 knockdown ES cells
Data were expressed as mean ± S.E. n = 3. (C) Cell lysates were
in both control and Orai1 knockdown cells, and analyzed for
ed at the indicated time points during neural differentiation of
ed for expression of nestin by quantitative real-time RT-PCR.
PI, blue) in control and Orai1 knockdown ES cells harvested at
μm). Data quantification was presented as Tuj1-positive
(F) Cell lysates were harvested at indicated time points during
and analyzed for expression of Sox1 and Tuj1 by western blot
ring neural differentiation in both control and Orai1 knockdown
R3 and R6 refer to day 3 and day 6, respectively, after replating
462 B. Hao et al.Then lentivirus production was performed in HEK 293T cells.
For infection, feeder free ES cells were plated at a density of
3 × 105 cells/well in 6-well plate. On the next day,
lentiviruses of scramble shRNA, STIM1 shRNA, or Orai1
shRNA were added to cells in fresh medium containing
8 μg/ml polybrene. 36–48 h later, cells were selected in
fresh medium with 3 μg/ml puromycin for 3–5 days. After
selection, knockdown efficiencies were detected by western
blot or quantitive real-time RT-PCR (qRT-PCR) analysis.
Western blot analysis
Briefly, cells were lyzed with ice-cold EBC lysis buffer (50 mM
Tris–HCl pH 8.0, 120 mMNaCl, 0.5% Nonidet P-40, 100 mMNaF,
200 μM Na3VO4, 0.5% sodium deoxycholate, 0.1% SDS, 150 nM
PMSF, 1 mM DTT, plus freshly added proteinase inhibitors
of 10 μg/ml aprotinin, 1 μg/ml leupeptin, and 1 μg/ml
pepstatin). Then cell lysate was passed through 21-gauge
needles several times to disperse any large aggregates. Protein
concentration was determined by Bradford protein assay
(Bio-RAD). Proteins (30 μg protein per lane) were diluted with
the standard SDS sample buffer and subjected to electropho-
resis on 8 or 10% SDS polyacrylamide gels. The proteins were
transferred to an Immobilon PVDF membrane (Millipore),
blocked with 5% milk in TBST (20 mM Tris, 150 mM NaCl,
pH 7.6, 0.1% Tween-20) for 1 h at room temperature, and
incubated with the primary antibodies against STIM1 (610954,
BD Biosciences, 1:1000 dilution), Oct4 (sc-8628, Santa Cruz,
1:1000 dilution), Nanog (ab80892, Abcam, 1:1000 dilution),
Sox1 (MAB3369, R&D system, 1:1000 dilution), Nestin (#NES,
Aves, 1:1000 dilution), Tuj1 (MAB1195, R&D system, 1:1000
dilution), GFAP (G9269, Sigma-Aldrich, 1:1000 dilution), or
GAPDH (G8795, Sigma-Aldrich, 1:5000 dilution) overnight at
4 °C. After washing with TBST, the membranes were probed
with HRP conjugated secondary antibodies for detection by
chemiluminescence (Millipore).
RNA isolation and quantitative real-time RT-PCR
Total RNA of ES cells, neural differentiated cells, or EBs at
specific time points were extracted with an RNA extraction
kit (MACHEREY-NAGEL). The quantitative RT-PCR was per-
formed with a MiniOpticonTM Real-time PCR Detection
System (Bio-RAD) with a One-Step Q-RT PCR Kit (Takara)
according to the manufacturer's instructions. The primers
for detecting STIM1, Orai1, Nestin, and GAPDH were listed in
supplemental Table S1. The relative gene expression was
normalized to the expression of GAPDH.
Immunostaining analysis
Cells grown on coverslips at neuronal differentiation were
fixed with 4% paraformaldehyde (PFA) for 20 min at room
temperature, washed with PBS, and permeabilized with PBS
containing 0.1% Triton X-100 (PBST) for 30 min. Thereafter,
cells were blocked with 1% normal goat serum and 1% BSA in
PBST for 1 h, and incubated with primary antibody Tuj1
(MRB4359, Covance, 1: 1000 dilution) for 2 h. After 3 wash
with PBST, cells were incubated in secondary antibody
(Alexa Fluor-488 goat anti-mouse IgG, A11008, Invitrogen,
1:500 dilution) for 1 h, followed by nuclei staining with DAPI(1:5000) for 2 min. Finally, cells were mounted with Prolong
Gold Antifade Reagent (Invitrogen) on slides. Cells were
visualized under an inverted Olympus IX81 fluorescence
microscope with a CellR image system.Alkaline phosphatase (AP) staining
AP staining was performed to determine the undifferentiat-
ed state of ES cells using an alkaline phosphatase detection
kit (Millipore) according to the manufacturer's instruction.
Briefly, ES Cells were fixed for 2 min at room temperature,
and stained with mixture of Fast Red Violet solution with
Naphthol AS-BI phosphate solution and water in a 2:1:1 ratio
for 15 min in the dark at room temperature. Cells were
washed with PBS and visualized under an Olympus inverted
light microscope with a CCD camera.Propidium iodide (PI) staining and flow cytometry
analysis
Cells were plated in 6-well plates at a density of 2.5 × 105
cells/well and cultured for 2 days. Cells were fixed with 70%
ethanol, and were then subjected to PI staining with 20 μg/ml
PI, 0.1 mg/ml RNase A, 0.05% Triton X-100 in PBS for 10 min in
the dark. Cells were filtered with a 40 μm cell stainer (BD
Bioscience) and then analyzed by FACS Canto II analytic flow
cytometer (BD Bioscience). Data were processed by FlowJo
software.Cell viability analysis
Cell viability was assessed by a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazoliu-bromide (MTT) assay, a TUNEL
assay, or simple cell counting technique. For the MTT assay,
ES cells were plated onto 96-well plates at a density of 1000
cells/well and cultured for 4 days in the presence or absence
of LIF. At the indicated times, 20 μl of MTT (5 mg/ml) was
added and the cells were incubated for 4 h. Thereafter, cells
were solubilized with DMSO and quantified in a plate reader
at an absorbance of 570 nm.
For TUNEL assay, a DeadEnd™ Fluorometric TUNEL System
(Promega) was applied. In brief, cells grown on coverslips were
fixed with 4% PFA for 25 min at room temperature. The cells
were then permeabilized with PBS plus 0.2% Triton X-100,
equilibrated with equilibration buffer for 10 min at room
temperature, and then incubated with TdT reaction mixture
containing nucleotidemix and dTdT enzyme for 60 min at 37 °C
in the dark. Fluorescein-12 dUTP was incorporated to the 3′-OH
ends of fragmented DNA in apoptotic cells mediated by dTdT
enzyme. The reaction was stopped with 2 × SSC buffer for
15 min at room temperature. Nuclei were stained with DAPI,
and the coverslips were then mounted with Prolong Gold
Antifade Reagent on slides. Cells were visualized with an
Olympus inverted microscope.
The direct cell counting method was performed to deter-
mine the cell growth curve during neural differentiation. On
differentiated days 2, 4, 6 and 8, cells were collected for cell
counting and then stained with trypan blue to exclude the
non-viable cells.
Figure 8 Ca2+ handling in neurons derived from control, STIM1 knockdown, and Orai1 knockdown mouse ES cells. (A) Thapsigargin (1 μM)
induced-Ca2+ influxwas inhibited by STIM1 knockdown in ES cell derived neurons. (B) KCl (30 mM) induced Ca2+ influx was enhanced by STIM1
knockdown in ES cell derived neurons. (C) Thapsigargin (1 μM) induced-Ca2+ influx was inhibited by Orai1 knockdown in ES cell derived
neurons. (D) Orai1 knockdown had no effects on KCl (30 mM) induced Ca2+ influx in ES cell derived neurons. Quantifications of the peak of
Ca2+ influx were expressed as mean ± S.E., n = 30–50 cells, *p b 0.05.
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Cytosolic Ca2+ wasmeasured as described previously (Yue et al.,
2009; Lu et al., 2013). In brief, cells were plated onto 24-well
plates at a density of 1 × 105 cells/well in regular medium for
overnight and loaded with 4 μM Fura-2 AM in HBSS for 30 min at
room temperature. Cells were then washed with HBSS 3 times
and incubated at room temperature for another 15 min to
de-esterify the dye. The cells were put on the stage of an
Olympus inverted epifluorescence microscope and visualized
using a 20× objective. Fluorescence images were obtained by
alternate excitation at 340 nm and 380 nm with emission set at
510 nm. Images were collected by a CCD camera every 3 s and
analyzed by a Cell R imaging software.
Statistical analysis
Data were presented as mean ± S.E.M. The statistical signifi-
cance of differences was estimated by one-way ANOVA or
Student's t-test. p b 0.05 was considered significant.
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